Abstract-A new slotted ground structure featuring compact size and spurious-free passband in the context of microstrip lines is proposed. The compactness of the new structure originates from the lengthened coupling gap in the ground. The spurious-free response in a wide passband is a result of combining both narrow and wide slots in the new structure, which effectively forms a stepped-impedance slot resonator. Compared to the previously proposed dumbbell-and H-shaped defected ground structure, over 40% size reduction can be realized in the new structure. The new structure also provides flexibilities in introducing additional functionalities to the bandstop resonators. By embedding varactors in the slotted ground structure, tunable bandstop resonators can be implemented and 13% tuning range centered at 2.36 or 2.67 GHz have been obtained. Index Terms-Defected ground structure, microstrip, slotted ground structure, tunable bandstop resonator.
I. INTRODUCTION
T RANSMISSION lines, when incorporated with patterned ground structures such as slots and holes, exhibit attractive characteristics including stopband and slow wave effect [1] - [3] . These patterned structures are sometimes referred to as "defected" ground structures or slotted ground structures [3] . When implemented in the ground plane, these structures enable the efficient usage of printed circuit boards (PCBs) in microwave hybrid modules and semiconductor substrates in monolithic microwave integrated circuits. Various slotted and defected ground structures have been proposed and applied for spurious-suppression of filters, harmonic tuning, and suppressions for amplifiers and antennas [4] - [10] . The dumbbell-shaped cell shown in Fig. 1(a) is one of the first defected ground structure proposed [2] . Based on this structure, many other modified and new patterned ground structures have been proposed to further improve the performance [11] - [14] . In [11] and [12] , wide stopbands were obtained by cascading dumbbell-shaped resonant cells with different resonance frequencies in the ground plane. A superposition of an I-and H-shaped defected resonant cell was proposed to design an ultra-wide stopband low-pass filter [13] . An H-shaped resonant cell was proposed, shown in Fig. 1(b) , for its compact characteristics [14] . The circuit models for the patterned ground structures were also proposed [2] , [15] . Recently, the conventional dumbbell-shaped resonant cell was modified by adding a patch in the middle of the defected holes [16] , [17] , as shown in Fig. 1(c) . By adding a varactor between the ground and patch (where a bias can be applied with the help of external dc-bias networks), tunable bandstop resonators have been realized in the context of a coplanar waveguide (CPW). The merit of tunable resonators lies in the need of tunable amplifiers and antennas that are desired for software-defined radios or reconfigurable wireless systems. Tunable bandstop resonators can be used for the harmonic traps that can be integrated with tunable amplifiers or antennas to improve the circuit performance.
In this paper, we propose a microstrip bandstop resonator with a slotted ground structure [as shown in Fig. 1(d) ] featuring compact size and wide spurious-free passband. Compared to the conventional dumbbell-, H-, and modified dumbbell-shaped bandstop resonators, the proposed resonator cell exhibits 94%, 57%, and 88% size reduction, at a resonance frequency of 3.85 GHz. By introducing additional gaps in the slot, varactors can be embedded to the resonator cell and tunable bandstop resonators can be realized. The microstrip configuration also allows easy placement of the RF chokes that are required for the biasing circuits. The tunable bandstop resonator was demonstrated by implementing the proposed structure on a Rogers RT/Duroid 6010 PCB. A 13% tuning range centered at 2.36 or 2.67 GHz is achieved.
The design concept, compactness, and passband response of the proposed slotted ground structure are illustrated in Section II based on full-wave electromagnetic (EM) simulation. Tunable bandstop resonators are then discussed and verified by measurement results from a fabricated circuit in Section III. Section IV provides concluding remarks.
II. DESIGN AND CHARACTERISTICS OF THE PROPOSED SLOTTED GROUND STRUCTURE

A. Compact Size
For the typical dumbbell-shaped cell shown in Fig. 1(a) , the resonance frequency depends on the physical dimensions of the cell. For example, can be reduced by using smaller gap , larger and , or larger distance between the two bells. Since is generally limited by PCB fabrication techniques, increasing the size of the cell is the practical approach of reducing the resonance frequency. If there are floating patches inside the dumbbell-shaped cell, as shown in Fig. 1(c) , will exhibit a shift toward lower values [16] . In the H-shaped cell [see Fig. 1(b) ], is affected by the length of and and the width of and . Once again, the lower is, the larger the physical dimensions. The proposed cell, as shown in Fig. 1(d) , is based on moving the coupling gap to the edges of the slotted holes and lengthening the coupling slot. To compare the compactness of the four structures in Fig. 1 , we simulated the transmission coefficient of microstrip lines on top of these structures. The simulations are performed using a full-wave EM simulator, i.e., Ansoft's High Frequency Structure Simulator (HFSS). The substrate used in the simulation has the same parameters as the Rogers RT/Duroid 6010 with a board thickness of 0.635 mm, a dielectric constant of , and a loss tangent of 0.0023. In the simulations, the width of the center metal traces in all the structures ( ) is kept at a fixed value and is the same as the width of the microstrip lines. Fig. 2 shows the results of when the rectangular occupying areas of the four structures (as drawn in Fig. 1 ) are all the same, where mm, mm, mm, mm, mm, mm, mm, mm, and mm. of the proposed cell is 1.9 GHz, compared to 3.5 GHz for the H-shaped cell, 5.6 GHz for the modified dumbbell cell, and 6.6 GHz for the conventional dumbbell cell.
The compactness of the proposed resonant cell can be understood based on the parameters extracted from the equivalent-circuit model (Fig. 3) proposed by Woo et al. [18] . Table I compares the extracted equivalent-circuit parameters of the proposed cell and the conventional dumbbell-shaped cell. It is observed that the capacitance of the proposed cell is approximately ten times that of the dumbbell-shaped cell, while there is little difference in the inductances. Thus, we can conclude that the extended gap length results in increased capacitance, and the increased capacitance leads to reduction and size reduction.
B. Suppression of Spurious Response in a Wide Passband
The proposed structure exhibits high-resonance and spurious-free wide passband. With a fixed bandstop resonance frequency of 3.85 GHz, the physical parameters of the four bandstop resonators under study were designed and the simulated transmission coefficients are plotted in Fig. 4 . Table II summarizes the physical dimensions of the four bandstop resonators. The proposed structure, once again, shows significant size reduction. The rectangular occupying area of the proposed cell is approximately 6%, 43%, and 12% of the conventional dumbbell-, H-, and modified dumbbell-shaped cell, respectively.
The unloaded factor is an important parameter used to evaluate the intrinsic loss of a resonant circuit. From the equivalent-circuit parameters , , and of the four cells listed in Table II, their  's are calculated by  , where TABLE I  EXTRACTED EQUIVALENT-CIRCUIT PARAMETERS FOR THE TWO is the resonant angularf frequency. It is 51.2 for our proposed structure, 11.1 for the H-shaped resonant cell, 10.9 for the traditional dumbbell cell. and 17.1 for the modified dumbbell cell. Our proposed resonator structure has the highest unloaded factor, reflecting its low intrinsic loss. In addition, the spurious response observed between the fundamental resonance frequency and 10 GHz in three previous proposed structures does not occur in the newly proposed slotted ground structure, a favorable feature for bandstop filters. This phenomenon can be understood by considering the proposed structure as a stepped-impedance (achieved by the narrow slot on the top and wide slot at the bottom) slotline resonator, which is capable of shifting the spurious harmonic responses to higher frequencies [19] .
For applications that require narrowband rejections, highfactor is preferred for the bandstop resonator. Recently, it was shown [18] that the loaded factor of a U-slot structure [as drawn in Fig. 5(a) ] increases when the distance between the two slots in the U-shape decreases. The same trend of the loaded factor has also been observed in our proposed structure [as drawn in Fig. 5(b) ]. On the other hand, our proposed structure offers more compact size compared to the U-slot structure. A comparison between the two structures (ours and the U-slot) is illustrated in Fig. 5(c) . With the same occupying area and the same slot width, our proposed structure possesses similar high (610.7 compared to 648.5), but exhibits lower resonant frequency.
III. TUNABLE BANDSTOP RESONATORS
A. Slotted Ground Structure for Tunable Bandstop Resonator
In Section II, we proposed a new bandstop resonator cell, which features a longer slot compared to the conventional dumbbell-shaped cell. This slot increases the effective capacitance of the resonant tank significantly, leading to size reduction. In addition, the long ground lines along the slot provide flexibilities in modifying the structure for enhanced functionalities. In Fig. 6 , the original and a modified structure Fig. 6(b) , is a modified Type I in which the ground lines along the slot are disconnected from and capacitive coupled to the center ground line. The strength of the coupling is determined by the size of the slots and , shown in Fig. 6(b) . We found that the value of the coupling capacitance determines the resonance frequency of the proposed cell. The two cells in Fig. 6 were designed and fabricated with the following physical dimensions: mm, mm, mm, mm, mm, and mm. The simulated and measured results of Type I and II cells are plotted in Fig. 7 . The resonance frequency is 2.20 and 3.52 GHz for the Type I and II cells, respectively. Table III summarizes the equivalent-circuit parameters of the two slotted ground structure resonators. It can be observed that the effective capacitance in the Type II resonator is reduced, leading to a higher resonance frequency. Thus, if the coupling capacitance between the arms and center ground line can be electronically controlled, a bandstop resonator with tunable resonance frequency can be achieved. Since Type I represents the situation when the slot ( and ) coupling capacitance is infinite, the resonance frequency of Type I represents the theoretical lower limit for the tuning range. Type II represents the case when the slot coupling capacitance is negligibly small, setting up the theoretical upper limit for the tuning range. The tuning of the slot capacitance can be achieved by inserting varactors into the slots while applying dc bias at the open ends of the arms.
B. Experimental Results of the Tunable Bandstop Resonator
In our study, the MV31020-46 varactors from the MDT Corporation, Westford, MA, are used in the and slots in Fig. 9 (a), 12.8% tuning range centered at 2.67 GHz is achieved in measurement, as shown in Fig. 9(b) . We can also apply two varactors in both of slots and , as shown in Fig. 10 . DC bias needs to be provided and RF chokes are needed between the dc voltage source and the RF current path. The placement of the dc bias and the RF chokes should have minimum impact on the resonant cell in the ground plane, thus making it difficult to be implemented in the ground plane. The microstrip configuration allows the placement of the RF chokes on the signal plane, as shown in Fig. 10(c) . With the two varactors simultaneously controlled by a single biasing voltage, the measured results are shown in Fig. 11 . A 13.2% tuning range centered at 2.35 GHz was obtained.
The simulated and measured results are plotted together in Fig. 12 when the capacitance of the varactors are at the available minimum and maximum values, together with a simulated curve when the varactor's capacitance was set at a unrealistic small value of 0.01 pF. The challenge in realizing large tuning range lies in obtaining varactors that can be tuned to very small capacitance value. From Fig. 12 , it can be seen that there is a good agreement when pF and small difference when pF between the measured and simulated resonance frequency. The difference at a lower capacitance value is a result of the parasitics of the varactor. Due to the parasitic inductance and capacitance of varactors, there is a 0.11-GHz difference in between the simulation and measurement results. The effect of the parasitics is especially significant when the varactor is tuned to small capacitance value. Fig. 13 shows the equivalent-circuit model of the varactor. It is obvious that and would affect the effective inductance and capacitance of the varactor. By adding and in the HFSS simulation, the phenomena has been validated. Since the capacitance of the varactor cannot reach zero, it cannot work as an open component absolutely, limiting the tuning range at the upper end. The simulated result by HFSS by assuming a pF is plotted in Fig. 12 . It is found that is close to 3.5 GHz (the resonance frequency of the Type II cell in Fig. 6 ) if a varactor with a 0.01-pF minimum capacitance is available. 
IV. CONCLUSION
We have proposed a new slotted ground bandstop resonator featuring a lengthened coupling slot that results in increased capacitance and reduced resonance frequency. Compared to other previously proposed bandstop resonator structures in the ground plane, the physical size of the new resonator is greatly reduced with the same resonance frequency. The spurious response is pushed to much higher frequencies, resulting in a spurious-free wide passband. The proposed structure also allows us to design tunable or reconfigurable bandstop resonators. By embedding varactors in the proposed structure, a tuning range of 13% centered at 2.36 and 2.67 GHz was achieved. Good agreements are achieved between simulations and measurements. The tunable bandstop resonator can be integrated with tunable amplifiers or antennas for enhanced performance. 
